Formalin-fixed human small intestinal mucosa with mucus coating, villi, and lymphoid follicle epithelium at the mucosal surface was used to test the adherence sites of clinically isolated (Kanagawa phenomenon-positive) strains of Vibrio parahaemolyticus. V. parahaemolyticus strains grown on CFA agar (supplemented with 3% NaCI) for ca. 3 h at 37°C possessed various levels of cell-associated hemagglutinins (HAs) which were detected with human or guinea pig erythrocytes. The observed adherence abilities of V. parahaemolyticus strains to human small intestinal mucosa correlated roughly with the HA levels of the strains. Under the test conditions, ileal lymphoid follicle epithelium (especially M cells) provided the best adherence target for V. parahaemolyticus. Adherence to villus absorptive cells or to mucus coating was observed at lower levels. In addition, all 3-h-grown V. parahaemolyticus strains tested produced high levels of HAs as detected with rabbit erythrocytes. The strains were all strikingly motile. In contrast, V. parahaemolyticus strains grown on CFA agar (supplemented with 3% NaCI) for ca. 20 h at 37°C had much lower levels of HAs, adherence abilities, and motility. In contrast to the above observations, piliation of V. parahaemolyticus was more extensive at ca. 20 h of incubation at 37°C than at ca. 3 h of incubation at 37°C. The remarkable ability of V. parahaemolyticus to adhere to lymphoid follicle epithelium was also confirmed by using rabbit small intestinal mucosa.
Vibrio parahaemolyticus exists in estuaries and marine environments with seasonal variation in its incidence (2, 8, 9, 13, 16, 24) . In humans, it causes gastroenteritis via contaminated seafood (2, 8, 9, 13, 24) . Most isolates from patients tested manifest erythrocyte hemolysis on Wagatsuma agar (Kanagawa phenomenon positive). In contrast, most isolates from the marine environment are Kanagawa phenomenon negative (18, 25, 29) . The Kanagawa phenomenon-associated hemolysis is due to the thermostable direct hemolysin produced by the bacteria (20, 21, (26) (27) (28) .
Several earlier works have demonstrated adherence abilities of V. parahaemolyticus. Kaneko and Colwell (15) found that V. parahaemolyticus could associate with chitin or chitin-bearing copepods. Carruthers (6) reported that Kanagawa phenomenon-positive V. parahaemolyticus adhered to tissue-cultured human epithelial cell lines (HeLa or fetal intestinal cells) better than Kanagawa phenomenon-negative V. parahaemolyticus. Joseph et al. (14) showed that a Kanagawa phenomenon-negative clinical isolate of V. parahaemolyticus adhered to the villus surface in rabbit ileum and that the same strain colonizing in the ileum possessed pililike appendages. Levett and Daniel (17) reported the adherence to isolated rabbit brush border membranes of a Kanagawa phenomenon-positive clinical isolate of V. parahaemolyticus. Gingras and Howard (10) demonstrated that V. parahaemnolyticus adhered to tissue-cultured human epithelial cell lines (intestine 407 and Flow 11000 cells) irrespective of the Kanagawa phenomenon. In this study, we demonstrated that V. parahaemolyticuis Kanagawa phenomenon-positive strains, isolated from patients, produced cellassociated hemagglutinins (HAs) after as little as ca. 3 h at 37°C. We also demonstrated that those V. parahaemolyticiis strains possessed the striking ability to adhere to lymphoid follicle epithelium, including M cells (22, 23) , rather than to villus epithelium, in an in vitro adherence model system using Formalin-fixed human or rabbit small intestines. * Corresponding author.
MATERIALS AND METHODS
Bacteria, media, and bacterial growth. V. parahaemolytici(s strains used were isolated in 1982 through 1988 in Juntendo Hospital (Tokyo) from patients with gastroenteritis. For bacterial growth, we used colonization factor antigen (CFA) agar (7) supplemented with 3% NaCl, which consisted of 1% Casamino Acids (Difco Laboratories, Detroit, Mich.), 0.15% yeast extract (Difco), 0.005% MgSO4, 0.0005% MnCl2, 3% NaCl, and 2% agar (pH 7.4). It was followed by incubation for 2 to EGTA (pH 7.4) and then mixed with 3% erythrocytes as described above. For measurement of HA activities, 96-well microtiter plates (U-well; SH-T96U; Terumo, Tokyo, Japan) were also used (microtiter plate method), and 25-,ul samples were mixed with 25 Rl of erythrocytes as described previously (12, 30) .
Preparation of small-intestine specimens. Rabbit ileal specimens were prepared as described by Nakasone and Iwanaga (19) . The ileum was excised from an adult rabbit (Japanese White) weighing 2.5 kg, washed with cold (4°C) phosphatebuffered saline (pH 7.4), and fixed with 10% (vol/vol) Formalin in KRT (12) .
Specimens of the human small intestine used in this study were terminal ileum or jejunum excised from patients aged 28, 44, or 50 years with ascending colon cancer at Juntendo Hospital, and were prepared as described previously (30) (31) (32) . The small-intestine segments were immediately opened, and the mucosal side of the small intestine (from the muscularis mucosae to the mucosal epithelium with mucus) was saved and washed several times with cold (4°C) phosphatebuffered saline. The mucosa was then fixed with 10% Formalin (in KRT) and maintained at 4°C. Prior to adherence experiments, the Formalin-fixed mucosa was cut into 0. (12, 19, 30, 31) . Pieces of human or rabbit intestine samples prepared as described above were immersed in 1.5 to 2 ml of bacterial suspension at 600 Klett units in KRT, followed by incubation for 10 min (30 
RESULTS
HA production of CFA agar supplemented with 3% NaCI.
Ten clinically isolated (Kanagawa phenomenon-positive) strains of V. parahlaieniolyticus (Table 1) were tested for HA Data (HA titers) indicate the highest dilution which yielded positive results by the 24-well plate method and are representative of at least three trials. L-Fucose and D-mannose were added to 0.5% (wt/vol); EDTA was added to 5 mM (the same results were obtained when EGTA at 5 mM was used instead of EDTA).
" Human and guinea pigs HAs were resistant to L-fucose and (moderately) sensitive to D-mannose: HA titers were scored after 30 min of incubation at room temperature.
' Rabbit HAs were resistant to both L-fucose and D-mannose; HA titers were scored after 90 min of incubation at room temperature.
" HAs similar to those of rabbit erythrocytes after bacterial incubation for 3 h, except that the addition of EDTA (or EGTA) at 5 mM gave much higher HA titers. " ND. Not done.
production by the 24-well plate method. When the strains were grown on CFA agar (supplemented with 3% NaCl) at 37°C, the production of at least two distinct types of HAs was confirmed. One was detected by using either human or guinea pig erythrocytes, was resistant to L-fucose and (mod- (Fig. 1B) , but more strikingly they adhered to the epithelial surface of lymphoid follicle epithelium (Fig. 1C) ; see Fig. 1D for more precise comparison. Adherence to mucus covering the epithelium was at an extremely low level (Fig. 1C and D) except for occasional cases (Fig. 1E) . In contrast to the 100A cells grown beforehand for ca. 3 h, the 100A cells grown for ca. 20 h possessed a severely reduced ability to adhere to the mucosal surface including lymphoid follicle epithelium (Fig. 1F) .
Similar experiments (using Formalin-fixed human ileal mucosa) were carried out with 10 V. parahaemolytic us strains (Table 1) , and each adherence index was determined ( (Fig. 2) was obtained between the adherence index and cellular HA levels which were determined with human or guinea pig erythrocytes (Table 1 ) (though the HA levels may be very low to discuss such a correlation). In adherence experiments, Formalin-fixed human jejunal mucosa was also employed. Adherence levels of V. pawhaemolyticus strains to the epithelial (absorptive cell) surface of human jejunal villi was similar to those to human ileal villi shown in Table 2 (data not included).
Adherence to M cells in Formalin-fixed human ileal mucosa. M cells (located in the lymphoid follicle epithelium of human (Fig. 3) . Adherent V. parahaemolyticus possessed polar monotrichous flagella (Fig. 3C  and D) . Such M-cell adherence with V. parahaemolyticus (Fig. 3) was enhanced by D-mannose at a concentration of 0.5% (wt/vol) (but not at a concentration of 1%) (Table 3) . Adherence to Formalin-fixed rabbit ileal lymphoid follicle epithelium. Figure 4A shows lymphoid follicles, surrounded by numerous villi, in rabbit small intestines. Lymphoid follicle epithelia (indicated with arrows in Fig. 4A to C) are surrounded by tightly folded villuslike structures (Fig. 4B  and C) . Formalin-fixed specimens of such rabbit ileal mucosa (Fig. 4A) (Table 2 ) (data not included).
Motility. V. parahaemolyticus strains (listed in Table 1 or 2) grown on CFA agar (supplemented with 3% NaCl) at 37°C and suspended in KRT for HA or adherence assay were also tested for motility under inverted phase-contrast microscopy. It was found that ca. 3-h-grown bacterial cells were all strikingly motile in contrast to ca. 20-h-grown bacterial cells of the same strains, which showed very weak motility. V. paralhaetnolyticus cells grown for ca. 3 h possessed polar monotrichous flagella (Fig. 3 or Fig. 5 ).
DISCUSSION
We have developed an in vitro adherence model system using Formalin-fixed human small-intestinal mucosa (30) (31) (32) (33) (Fig. 6A) . This model system is based on earlier observations (12) lin-fixed brush borders of villus absorptive cells to a similar extent as to freshly isolated brush borders, supporting the idea that bacterial pathogens, including V. cholerae 01, recognize sugar residues of receptors with their adhesins (1) .
The present study, together with previous data (30) (31) (32) " Data of (e.g.) strain 100B grown on CFA agar (supplemented with 3% NaCI) for ca. 3 h at 37°C and manifesting an HA titer of 1:2 (with human erythrocytes) or 1:4 (with guinea pig erythrocytes) ( Tables 1 and 2 ).
' Data of (e.g.) strain C13 (classical biotype; Inaba serotype) grown on CFA agar for ca. 3 h at 37C and manifesting an HA titer of 1:64 (with human erythrocytes) (30, 31) .
" Data of (e.g.) strain TVN-324 grown on CFA agar for ca. 3 h at 37°C and manifesting an HA titer of 1:64 (with human erythrocytes) (32).
conditions (Table 4) . However, like V. cholerae 01 (or non-O1), among small intestinal epithelia tested, lymphoid follicle epithelium provided the best adherence sites for V. parallaemolyticls (Table 4) . Moreover, M cells were a better adherence target for V. parahaemolyticus than were other epithelial cells of the lymphoid follicles (Fig. 3) (Table 2 ) and manifested very low HA levels with human or guinea pig erythrocytes, but very high HA levels with rabbit erythrocytes (Table 1) . V. parahaemolyticus also adhered to the epithelia of rabbit lymphoid follicles (Fig. 6B) , as shown in Fig. 4D We confirmed the piliation of V. parahaemolyticus (strains 1014 and 1013) grown on CFA agar (supplemented with 3% NaCl) at 37°C (Fig. 5 and text) . Such piliation was observed more extensively at ca. 20 h of incubation, when no detectable HA (with human or guinea pig erythrocytes) was produced (Table 1) and very low levels of adherence were observed (Table 2) , than at ca. 3 h of incubation, when levels of HA (with human or guinea pig erythrocytes) as well as adherence (to ileal lymphoid follicle epithelium) were markedly high (Tables 1 and 2) .
When CFA/I-or CFA/II-possessing enterotoxigenic E. coli was tested under the present adherence model system, bacterial cell-bound CFA/I or CFA/II pili, which attached to microvilli at the pilus free end (pilus tip side), were clearly seen in a scanning electron microscope (33) . Irt the case of adherent V. parahaemolyticus, however, bacterial cellbound pili which attached to microfolds or microvilli at the pilus free end (pilus tip side) were not confirmed in a scanning electron microscope under the test conditions (e.g., Fig. 3C and D) . Therefore, as far as the present in vitro adherence model system is concerned, high levels of motility (due to terminal polar flagella) and HA activity (detected with human or guinea pig erythrocytes) seemed to be more important for V. parahaemolyticus adherence than pili produced under the present test conditions.
The HA activities and adherence abilities of V. parahaemolyticus Kanagawa phenomenon-negative strains isolated from the environment are under investigation.
